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R.E. Rudd®, D.B. Reisman’, J.-P. Davis®, M. D. Knudson?, G.W. Collins*

!awrence Livermore National Laboratory, P.O. Box 808, Livermore, California 94550, USA
2Department of Geosciences, Princeton University, Princeton, New Jersey 08544, USA

3Sandia National Laboratories, Albuquerque, NM 87185, USA

Iron was ramp-compressed over timescales of 3 < t(ns) < 300 to study the time-dependence of the
o—¢ (bcc—hcp) phase transformation. Onset stresses (g,_,¢) for the transformation ~14.8-38.4 GPa
were determined through laser and magnetic ramp-compression techniques where the transition strain-
rate was varied between 10° < fig¢(s") < 5%10% We find g, = 20.8+0.55 In(figse) fOr figoe < 10%/s
and 0ge = 1.15(f1ge)% 8 for figne > 10%/s. This fi response is quite similar to recent results on
incipient plasticity in Fe (R.F. Smith et al., J. Appl. Phys. 110, 123515 (2012)) suggesting that under high
rate ramp compression the a — &€ phase transition and plastic deformation occur through similar
mechanisms, e.g., the rate limiting step for i > 10%/s is due to phonon scattering from defects moving to
relieve strain. We show that over-pressurization of equilibrium phase boundaries is a common feature
exhibited under high strain-rate compression of many materials encompassing many orders of

magnitude of strain-rate.



I. INTRODUCTION

Understanding the nature and time-dependence of material deformation under dynamic loading
conditions is an important goal in condensed matter physics. As the interatomic spacing decreases,
overlapping electronic band structure and increased levels of stress can fundamentally alter the
transport, chemical and mechanical characteristics of a solid. In Fe, under conditions of near-hydrostatic
pressure, as pressure increases there is a phase transformation from the ambient body-centered-cubic
[bcc] a-phase to a hexagonal-closed packed [hcp] e-phase at 15.3 GPa with an associated 5% volume
collapse.’ A large (shear-stress dependent) hysteresis of the transition is observed with a midpoint
pressure of 12.9 GPa." Under the near instantaneous loading associated with uniaxial shock
compression, the a — ¢ phase transformation in polycrystalline Fe samples has also been observed,
after a period of stress relaxation, to initiate at 12.9 GPa.?**

Since its discovery, an understanding of the time-dependence and nature of the Fe a—¢ phase
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transformation has been the goal of research across many experimental platforms and time scales
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. Transformation to the e —phase may be described through a process of nucleation and growt
where the growth rate is dependent on the flow velocity of martensitic interfaces through the crystal
lattice.’? The rate of plastic accommodation of the new phase is achieved though the movement and

. el . . . . 12 . . .
generation of martensitic interfacial dislocations.™ In this paper we explore how the compressive strain

. 1d e
rate (u = ;d—‘(;) affects the onset stress of the a — € phase transition in Fe. We use recently developed

1314 to compress Fe foils with timescales of 3 <

laser and magnetic ramp-wave-loading (RWL) techniques
t(ns) < 300. Data show that for fi,_ < 10°%/s the a — € onset stress g4, = 20.8+0.55 In(fiy_e) and for
fogoe > 10%/s, 0qne = 1.15(f1gme) 8. The sudden increase of gy e With figoe fOr flgme > 10° s is
consistent with the rate of new phase growth being limited at high strain rates by energy dissipation due
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Over-pressurization beyond equilibrium

to phonon scattering from defects moving to relieve strain.

phase boundaries at high strain rates is not unique to Fe but appears to be a common phenomenon.
This paper is laid out as follows. The experimental methods for three platforms are described in

Sec. Il. The results are summarized in Sec. lll including rate-dependent stress-density response, over-

pressurization and a kinetics model that helps understand the trends. There is a discussion of the data in

Sec. IV with conclusions in Sec. V.



Il. EXPERIMENTAL METHOD

The RWL data were obtained for Fe on the Janus® and Omega® laser facilities and the Sandia Z-

machine®” %°

. The target design employed for the experiments conducted on the Janus laser facility,
shown in Fig. 1(a), consists of a 100 um polyimide [C,,H;0N,0s] foil followed by a 150-350 um vacuum
gap and an Fe/sapphire-window target. The polyimide was irradiated for 4 ns by the 1 mm-square
spatially-planar 527-nm Janus laser (300 J), generating an ablatively-driven shock. After shock breakout
from the rear surface, the CH rarefies across the vacuum gap, monotonically loads-up against an Fe
sample, and launches a temporally-smooth ramp-compression wave.”® By changing the vacuum gap
separation and laser intensity it is possible to vary the initial maximum compression rate by a factor of
~40. Under these conditions, peak stress states of 15-50 GPa are obtained over several to tens of ns. For
these experiments, high purity (99.995%) Fe was deposited in 10-36 um layers onto a sapphire [001]
window under conditions that yielded a grain size of ~5 um in the stress loading direction and ~1 um
in-plane. The Fe had a strong [110] fiber texture in the growth (pressure loading) direction and was
measured to be fully dense (7.87 g/cm’) to within an accuracy of 0.6%. Sapphire was chosen as a
window material as it has a similar mechanical impedance to Fe thereby minimizing wave reflections at
the Fe-sapphire interface.

The target design for the RWL experiments on the Omega laser consists of a stepped iron
sample deposited by vapor deposition onto a CVD diamond ablator (20-um thick, 1.5-mm diameter)™®
yielding the same density and microstructure as used in the Janus experiments. The iron targets had
three steps (four thicknesses) that were formed using a mask that was shifted to different positions
during the deposition process. The final Fe step thicknesses of 18.10/21.76/25.44/28.67 um were
determined through white light interferometry techniques to within an accuracy of < 0.1 um. The target
was driven over a 1.5 mm diameter by x-radiation from a Au hohlraum, generating a temporally-smooth
ramp-compression wave (Fig. 1(b)). The high spatial planarity associated with the x-ray drive from the
Omega laser meant different thicknesses of Fe could be compressed with a common compression
history to peak stress states of ~270 GPa. Due to the planar, inertially confined nature of the ramp
drive, our samples are in a state of uniaxial strain. Here, stress and strain are defined as o= o, and
du =dp/p, respectively. A full description of the experimental setup may be found in ref [18].

The primary diagnostic for the RWL experiments on the Janus and Omega lasers was the line-
imaging velocity interferometer system for any reflector (VISAR) which recorded the velocity history of

the Fe/sapphire interface velocity u;(t) (Janus) or the Fe free-surface velocity, us(t) (Omega). The VISAR



system has a 1-mm field-of-view, a velocity accuracy of ~50 m/s and a streak camera temporal
resolution of ~0.05 ns.*

The setup for the Sandia Z experiment set is shown schematically in Fig. 1(c) and is similar to the
experiment described in ref. [17]. Current flow though an anode-cathode geometry creates a magnetic
drive which compresses an Fe sample array to pressures of ~300 GPa over 300 ns.”’ Four samples of
ARMCO-Fe (99.8% pure, OD = 6 mm) with 423.62/531.74/600.24/705.99 um thickness were glued to the
Cu anode. Cu was used for impedance matching of the samples to minimize wave interaction and
release effects. The sample disks were lapped to the desired thickness and coated with 3um Al to
enhance reflectivity and prevent oxidation. During ramp-compression the free-surface velocity history of
each Fe sample was recorded using a point VISAR.”' Two fiber-optic bundles, one at the center and one
vertically offset by 1.5 mm along each sample, collected the VISAR signal. us(t) was measured on each
sample with 2-5 independent VISAR channels and up to four different sensitivities (0.2962 to 0.848 km/s
per fringe). The characteristic ramp compression rise time is up to one hundred times slower for

magnetic loading using Z than for laser-based loading at the Janus or Omega laser facilities.

lll.  RESULTS

A. Determination of a — € onset stress

The ug(x,t) data obtained on the Sandia Z-machine and the Omega laser are shown in Fig. 2(a) and (b),
respectively. In both cases a common pressure load was applied to all step thicknesses with
characteristic compression strain-rates of ~10° s (Z) and ~10®s™ (Omega); estimated directly from the
uss(t) profiles and the determined stress-density response, as discussed below. Two independent VISAR
measurements are shown for each step thickness (blue and black curves). The velocity range and
analysis considered here are limited to the low compression portion of the profiles. In RWL experiments,
analysis of free surface velocity histories from multiple thickness samples can yield continuous
information on the bulk properties of Lagrangian sound speed (C,), stress (gy), density (p) and particle

velocity (u).!” '8 22

This is achieved through an iterative characteristics-based Lagrangian sound speed
analysis technique which corrects for wave interactions at the free surface.”® Shown in Fig. 3 are the
extracted C, (ug, p) and o, — p relationships for Z shot 21682 (blue curve) and Omega shot s58588 (red
curve). C, (ug, p) represents an average value measured across the distance from the thinner sample to

the thicker sample. Any variation in rate dependent material response over this distance, with a



resultant change in the sound speed, compromises the simple wave assumptions of the Lagrangian
analysis in determining the g, — p response.

In the Z ug(t) data (Fig. 2(a)) we observe a velocity plateau at uzx~0.75 km/s attributable to a
drop in C; and consistent with the onset of the a = € phase transformation (Fig. 3(a)).>® A decay in the
velocity of this plateau as a function of time, symptomatic of the time-dependence associated with the
phase transformation, is shown as Fig. 2(a) inset. Further ramped plateaus are observed in the velocity
traces at ~1.5 km/s and (less obviously) at ~2.3 km/s. Both characteristics and hydrodynamic
simulations, which model the wave propagation through the sample, determine that these features
result from the phase transformation velocity plateau reflection off the free surface interacting with the
oncoming ramp.? As both of these plateaus decay with propagation distance the average C, in Fig. 3(a)
exhibits an oscillation at these ug values. For the high strain rate Omega data no velocity plateau (Fig.
2(b)) or abrupt drop in C (us) (Fig. 3(a)) associated with the phase transformation is observed. The
ramped plateau observed at ui ~ 3 km/s is due to temporal variation within the initial ramp
compression load common to all thicknesses.™®

In Fig. 3(b) the calculated stress-density response is shown along with previous shock®* 2* 26 27 28
and static compression data” on Fe. For the Z data (blue curve) there is a clear kink in the stress-density
profile at ~14.8 GPa, which is a signature of transformation into the denser & phase. This is an average
value based on analysis of all the ug(t) profiles shown in Fig. 2(a). We note that the Z data, which has a
characteristic strain-rate of ~10° s?, follows a similar stress-density path to the quasi-static data of
Dewaele” and the low strain-rate shock compression data. By contrast, the high strain-rate (~10%s™)
Omega laser data exhibit no clear change in slope within stress-density (red curves) that would be a
signature of the e-phase onset even though it has previously been established in laser shock-driven x-ray
diffraction experiments that this phase transformation does occur over these rapid compression
timescales.”® We note that the lower compressibility of the Omega data below 12.9 GPa is due to the
material strength, which increases dramatically at these high strain rates.® Above this pressure the
lower compressibility is expected to be a function of both the material strength and the kinetics of the
phase transformation.

For RWL, where the rate of compression increases as a function of time, the onset of rate
dependent material response due to the phase transformation causes C (u) to vary with sample
thickness. This rate-dependent material response is captured within the curvature variable defined from
a quadratic fit to step thickness versus breakout time as a function of stress (inset of Fig. 3(b)).

Essentially C, reported in Fig. 3(a) can be thought of as an average wave speed over Ax and a curvature



in C, denotes a change in the average wave speed, and thus departure from simple wave behavior, and
therefore rate dependence. The departure from curvature = 0 represents a change in C, (u) with sample
thickness consistent with the onset of a variable time-dependent material response associated with
0,4-¢; here defined as the stress at the intersection of negative curvature slope (dashed black line in Fig.
3(b) inset) with the curvature = 0 contour. At higher stresses a convergence towards curvature of 0 is
expected upon completion of time-dependent transformation into the &-phase. Our analysis is
consistent with g,_,. values of 38.4 GPa for the high strain-rate Omega data (s58588) and 14.8 GPa for
the low strain-rate Z data (shot z1682); values significantly above the 12.9 GPa equilibrium phase
transformation stress.! >3 *

Stress as a function of time and Lagrangian position for Omega shot s58588, a,(x,t), as calculated
from the iterative Lagrangian sound speed analysis, is shown in Fig. 4(a). The free surface is at zero
pressure and so the phase transformation front is always within the bulk of the sample and not directly
observable with the VISAR. The contour for the estimated o,_, of 38.4 GPa is shown as the yellow
dashed curve. The inset highlights the complicated wave interactions which occur close to the rear

surface where an element of material can experience a rapid increase and decrease in stress relative to

the critical phase transformation stress over ns timescales.

. . . d . . -
Fig. 4(b) shows the calculated strain rate (u = %d—f) versus time and Lagrangian position for

Omega shot s58588. The x, t of the g,_ = 38.4 GPa contour from Fig. 4(a) is also shown. Lineouts of
11(t) along the path of the 38.4 GPa contour are shown in Fig. 4(c) for all the step thicknesses. At times
after the initial arrival of the 38.4 GPa contour near the free surface (t ~ 7 ns), there is a negative strain
rate due to the wave reflections from the free-surface. These regions of negative strain rate (shown as
dashed curves) have been multiplied by -1 in order to be represented on the plot. Over the whole Fe
sample there is an increase in strain rate from 10% s at the initial compression surface to a maximum of
~6x10® s associated with the initial arrival of the 38.4 GPa characteristic near the free-surface (6.7 ns
for 28.7 um step). This peak strain rate is reduced for thinner steps with the maximum value for the 18.2
pum step ~2.5x10% s (t ~ 4.7 ns). From this analysis we define an average longitudinal strain-rate
associated with o,_,.~38.4 GPa as [i,_,.~3x10% ™. Similar analysis on the Z shot z1682 gives an average
strain rate of 3x10° s associated with O4—e Of 14.8 GPa. These values are well approximated by
defining®® a characteristic longitudinal strain-rate associated with the a — & transformation directly

from the us(t) data,

du/dt
c '’

(1)

_p
a—e Po



where u = ug/2. du/dt and C, are taken at the transition stress described above.

We note that rapid variation of ¢ and ¢ near the free-surface can generate complicated time-
dependent material response associated with the evolving phase front. This behavior is not captured by
the iterative Lagrangian analysis technique and can affect the stress-density determination. A recent
study®® on Fe, in which the compression rate though the @ — & phase transformation was varied from
10® to 10° s, showed that for compression within the high-pressure epsilon phase the determined

o, — p response was not strongly affected by the rate dependence of the @ — ¢ phase transformation.

B. Over-pressurization of equilibrium transformation stress

A typical ui(t) profile for a ramp-loaded polycrystalline Fe sample recorded on the Janus laser is

shown in Fig. 5. A three-wave structure emerges at the Fe/sapphire interface: an elastic wave with a
peak velocity of ug a plastic wave P1 with a peak velocity u,_¢, which is followed by a pronounced

velocity pullback after the peak, and a subsequent plastic wave P2. This transformation from the
smoothly rising load profile to the structured transmitted-wave profile is understood by considering the
target dynamics in Lagrangian coordinates as discussed in Ref. [22]. The initial one-dimensional elastic
deformation is characterized by stress propagation at the longitudinal sound speed. Immediately behind
the elastic front, where deformation is dominated by plasticity, stress waves propagate at the lower bulk
sound speed, which results in wave separation as a function of time. For stress levels above 12.9 GPa the
a—e¢ structural phase transformation may initiate causing a drop in the Lagrangian sound speed as the
material evolves into the new e-phase. Due to the time-dependence associated with the transformation,
there is a rapid velocity pullback in the u(t) record at that transition related to stress relaxation caused
by an evolving volume collapse into the denser hcp phase.® Due to the slightly higher impedance of
sapphire, and unlike the free-surface samples, the VISAR is directly observing the phase transformation
wave.” fi,_. is defined over the velocity interval u,_ to the minimum pull-back velocity (Fig. 5 and
equation 1).

In Fig. 6(a), we plot the g,_ for polycrystalline Fe as a function of target thickness for the Janus,
Omega and Z ramp data. In addition to the data already discussed, we include in this analysis free-
surface measurements obtained with a gas-gun driver’ ®> and those determined from reported

Fe/sapphire u(t) profiles from the Sandia Z-machine.®*!

The circle and square symbols represent data for
ramp and shock loading, respectively. The velocity of the Fe/sapphire interface for the Janus, Jensen®

and Bastea® data was converted to an equivalent longitudinal stress and particle velocity, u, within the



bulk Fe using standard impedance matching techniques. We assume an elastic EOS for sapphire®* and an
EOS for Fe determined from Omega multi-stepped data in Fig. 3(b) and summarized in Ref. [18]. The
error bars on the Janus data take into account the inherent accuracy of the (VISAR) measurement and
uncertainties due to drive non-uniformity. The errors for the Omega data reflect the uncertainty in
sample thickness and in determining the onset stress of time-dependent deformation associated with
the phase transformation (Sec. IllA). There is a general trend of g,_,. decay towards an equilibrium value
at late times (thick samples) since for both shock and ramp loading, time-dependent plastic flow behind
the phase transformation front causes the phase transformation onset stress, g,_¢, to decay as a
function of propagation distance.®® After ~20 mm of propagation (> 3 psec propagation time) Ogqoe =
12.9 GPa.® For RWL, the stress associated with the onset of time-dependent deformation processes,
such as an elastic-to-plastic transition or a phase transformation, has a unique relationship with the
compression wave rise time.**> The high degree of scatter for the 10-30 um thick samples in Fig. 6(a) is
due to the large range of associated ramp compression rates.

In Fig. 6(b), we plot the phase transformation onset stress as a function of transition strain-rate
and find an improved correlation, with g,_. increasing as a function of fi,_s. The strain rate values
associated with the Jensen®! and Bastea® Fe/sapphire data were calculated directly from the reported
ui(t) profiles. fiy_¢ from the free-surface data of Barker® was determined from the reported maximum
P2 velocity slope (dus/dt) combined with equation 1 and assuming u = ug /2. The data in Fig. 6(b) reveal
a relative insensitivity of g, with e-phase transition strain rate in the range of ~10*10°s™. At fio¢ >
~10° s there is a marked increase in gy, scaling with fige. The data in Fig. 6 represent the
instantaneous value for o,_. after propagation through a range of Fe sample thicknesses; a data set
which encompasses a wide range of loading rates. A quantitative description of 0,_,¢ — fiq—e Material
response at a distance x’ from the loading surface is highly complex and is a convolution of the
instantaneous material response and the integrated time-dependent response from x=0—x’. Under
dynamic loading conditions, and due to time-dependent material response, g,_¢ and fi,_ decrease in
time from peak values at the initial compression or loading surface (x=0) to equilibrium values at late

33
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time. In recent work on Fe and Al,” we found that, independent of sample thickness, there exists a

strong correlation between instantaneous values of the peak elastic stress, og, and the strain-rate at the
onset of plastic flow, g, For g, > ~5x10° s, og increases sharply with g, (inset of Fig. 6(b); figure®* 34
adapted from Ref. [33]). That the i response in Fig. 6(b) is quite similar to recent results on incipient

plasticity in Fe suggests that the o — € phase transition and the transformation to mostly plastic

deformation occur through similar mechanisms.



A number of phenomenological constitutive models have been developed to describe the 6—pt
relationship in bcc metals associated with plasticity.?® A general form of these models predicts a
o « In(11) dependency in the thermally-activated dislocation flow regime with a transition to a o o (11)"
a high strain-rate response where dislocation velocities become limited through energy dissipation off
phonon modes within the sample (phonon drag). n < 1 suggests an increase in saturation dislocation
density with increasing strain-rate.’’ In our data, we observe two distinct strain-rate regimes. A fit to the
low strain-rate data, shown as the dashed red curve in Fig. 6(b) is represented by,

Og—e = 10.8 + 0.55In(fly—¢) (2),
which is consistent with thermally-activated dislocation flow facilitating the plastic accommodation of
the emerging hcp phase within the bcc lattice (see discussion section). For flye > ~10° 57,
Oy—¢ increases sharply with fi,_¢. This sudden change in material response is consistent with the onset
of phonon drag at high dislocation velocity.*® A fit to the high strain-rate data, shown as the dashed grey
curve in Fig. 6(b), is represented by,
Oq—e = 1.15 ﬂa—»salg (3).

The data in Fig. 6(b) are consistent with a change in the dislocation flow mechanism from thermally
activated to phonon drag at 4_¢ ~ 14 GPa and [iq_e ~ 1x10°s™. This elbow in strain rate is ~5x less
that the equivalent strain rate change identified for incipient plasticity (inset to Fig 6(b)). The martensitic
interface dislocations that govern e-phase growth are not the same as the bulk screw dislocations that
govern plasticity. While they are expected to undergo an activation to drag transition, it would be
expected to happen at a different strain rate.

We note that the measured strain rates in the shock compression experiments are lower than
for the RWL experiments. Shock compression experiments are characterized by a fixed high strain-rate
(~10° s) at the loading surface which decreases as a function of propagation distance due to dissipative
processes within the material such as strength, viscosity and heat conduction.*® Traditional methods of
measuring high-strain-rate material response on gas guns use ~mm thick samples and are limited to
peak measured strain-rates of < ~10° s™.** Under shock compression, wave profile analysis has been
used to infer @ — etransformation times of 50-180 ns,* <50 ns,®> 12-60 ns,® and < 1 ns to 200 ns.* This
variation in the reported @ — £completion time is due in large part to the range of experimental
conditions employed (peak shock stress, sample thicknesses) to measure a transition rate which evolves

rapidly in time and space under dynamic compression conditions.



C. Phase transformation kinetics model

To investigate the experimental trends, ramp compression in Fe was simulated over a wide range of
strain rates with a multiphase equation of state (EOS) model incorporating explicit phase transition
kinetics. Each phase was described by a thermodynamically-complete, analytic EOS, following a
prescription developed for Mg0.* The EOS parameters were adjusted to reproduce pure-phase regions
of a tabular multiphase EOS.* At each location in the sample, the material was taken to comprise a
mixture of phases, each with its own thermodynamic state. A kinetics model was used to describe the
rate of conversion of the material between phases. The kinetics of the phase transition was treated as a
function of the difference in free energy between the candidate phases. Strain rate is calculated directly
from the rate applied to a small element of material, without treating the response of a finite sample by
wave propagation. Once the ramp compression rate becomes comparable to the transformation time
(as specified within the model) then the phase transformation becomes over-pressurized. At high levels
of over-pressurization the transition rate is capped consistent with an expected drag behavior. The
contribution of the elastic strain state can be included in this formalism, though strength was neglected
in this initial study. A full description of the model and the parameters used in the simulations may be
found in Appendix A.

Using this model we plot the predicted stress-density response of Fe as a function of ramp strain
rate, as shown in Fig. 7. Also shown for comparison are the static data of Dewaele.”” On each stress-
density curve the square symbol represents the stress state at which there is a 50% population of the
new e-phase. The model predictions are in good agreement with the trends observed in the
experimental data in Fig. 3(b). At the very high strain rates associated with laser ramp compression the
a — & phase transformation is strongly over-pressurized.

The data presented in this section suggest that the ability to identify high-pressure phase
transformations from wave profile analysis alone may be confounded at high strain rates by the kinetics
of the transition coupled with the rapid compression timescales. In such cases alternative diagnostic
approaches, such as x-ray diffraction, would be needed to confirm the existence of a new high-pressure

41

phase.”” Our data show the importance of considering time-dependent material response when

comparing high-strain experimental data with equilibrium models.

10



IV. DISCUSSION

The a — ¢ transformation is understood to be diffusionless and martensitic based on previous

%243 and the rapid transformation kinetics reported here are consistent with this

experiments and theory,
picture. Classical nucleation theory (CNT) describes the dynamics of these transitions through a two-
stage process: initial slow transformation (nucleation) followed by a rapid growth regime in which the
transforming martensitic interface can flow with velocities approaching the local speed of sound.

A phase transformation is possible if the daughter phase has a lower free energy than the

11 12 48 - .
In Fe this is assumed to occur under dynamic

parent phase at a given density and temperature.
loading for compressive stresses above the 12.9 GPa equilibrium transition stress. Under these
conditions the lower free energy of the e-phase favors nucleation but there is an energy cost associated
with the formation of an inter-phase interface. The driving force for nucleus growth scales with the
volume of the nucleus while the opposing force, associated with the surface tension of a newly formed

11 44 . ey ..
There is a critical nucleus volume, Vg, where the driving forces

interface, scales with the surface area.
are sufficient to overcome the back stress and spontaneous growth can ensue. The initial growth rate is
slow and depends on the ability of the parent phase to plastically accommodate the growth of the new
phase where the strain field around the nucleus is associated with a network of interacting dislocation
loops which need to move through the lattice for growth to occur.’? After a period of slow growth the
nucleus reaches a critical volume, V*, where the driving forces are sufficient to generate new dislocation
loops and rapid growth ensues. This CNT picture of a two-stage growth into the new phase is now
supported by recent experimental observations. Techniques employing neutron® and laser light*
scattering have allowed for the new phase nucleus volume to be measured at discrete times during its
evolution allowing researchers to determine the kinetics of the phase transformation in systems where
the transformations occurred over several hours. Measurements of new phase nucleation and growth in
colloidal systems™ are consistent with a two-stage process with limited nucleation at early times prior to
the onset of rapid nucleation. Observations of a stress dependent incubation period (interpreted as the
nucleation phase) before the onset of new phase rapid growth has been observed in dynamic
compression experiments on CdS*, Y and Ti*. In the CdS work of Knudson® a phenomenological
model based on CNT and modified to incorporate the experimentally observed incubation period

el - . . 4
dependence on equilibrium over-pressurization was developed. Recent shock data from Jensen™ on

polycrystalline Fe shows that for 1.7 GPa shock over-pressurization, there is an initial incubation period

11



of ~50 ns before rapid transformation into the e-phase [Fig. 4 in ref. 4], consistent with expected
nucleation and growth behavior.

Figure 8 represents our interpretation of the nucleation and growth time-dependence in the
context of our Janus Fe data. Here the velocity history of the Fe/sapphire interface, uj(t), is magnified
from Fig. 5 to show the detail of particle velocity signatures associated the o (bcc) to €(hcp) phase
transition. The red dashed line represents the 12.9 GPa transformation equilibrium surface in particle
velocity space. For higher levels of compression, conditions are favorable for nucleation into the & hcp
phase. Once growth of an hcp-nucleus reaches the critical volume, V*, the driving forces are sufficient to
generate new dislocation loops and rapid growth of the e-phase ensues. Stress over-pressurization
(AGequil = Oqoe = Ogog, Equil) 1S @ driving force determining the rate of rapid growth into the &-phase
(X fige). This has been verified in Fe by recent shock compression data from Jensen® in which the
a — ¢ transformation time varied from 200 to < 1 ns for initial Aggq; of 1.69 and 6.54 GPa, respectively.
Our data in Fig. 6(b) within the ~10°-10° s™* range of strain rate show a weak i, - Aogqi dependence.
However, to facilitate high strain rate deformation into the e-phase ({ty_ > ~10° s, sharply increased
levels of Adgq are required (increased free energy difference between parent and daughter phase to
drive the transition). At low compression rates, martensitic interfacial dislocation flow can be modeled
through thermal activation of dislocations over barriers within the system," *® however, the high i data
in Fig. 6(b) is consistent with a different regime where new-phase nucleus growth within the lattice is
limited by phonon drag mediated dislocation velocity.

In our experiments we observe a pronounced pull-back feature on Fe/sapphire targets recorded
u(t) trace (at u,_.,), which is consistent with a drop in the sound speed associated with the rapid growth
of the e-phase. The ~200 ns ramp compression experiments of Bastea® on ~500 um thick Fe/sapphire
samples also exhibited a velocity pullback. A nucleation and growth model combined with hydrodynamic
simulations applied to these data showed that this velocity pull-back feature is consistent with an
evolving volume collapse into the higher density e-phase under conditions of increasing applied stress.®
Phenomenological models based on CNT have been successfully applied to describe time-dependent
behavior associated with martensitic transformations in Fe®, Bi* and CdS* under ramp and shock
loading.

The similarity in strain rate response for incipient plasticity and the onset of the a — € phase
transformation (Fig. 6(b)) suggests similar underlying mechanisms, e.g., the rate limiting step for g > 10°
s is due to phonon scattering of strain relieving defects. In the CdS work of Knudson® a significant

difference in incubation time (nucleation phase) with crystal orientation was observed which was
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suggested to be due to the different yield behavior exhibited by the two orientations. That
interpretation is very consistent with the discussion here — the elastic plastic response can strongly
influence the nucleation and growth of phase transitions in dynamic experiments. In the experiments of
Knudson®® it is due to crystal orientation whereas in the data reported here on Fe it is due to a transition

from thermal activation to phonon drag.

A number of recent experimental observations over several materials have shown that high-strain rate
over-pressurization of equilibrium surfaces is general behavior for many materials due to the competing

. . . . 4 6 22 47 48 49
time-scales of material response and applied compression rate.

Dynamic compression of Bi
shows, similar to Fe, a high strain-rate increase in both the peak elastic stress and the Bi I-ll phase
transformation onset stress (Fig. 9). For strain rates 10%-10° s™* there is no dependence of the Bi I-II
onset stress with strain rate. It is only for g > 5x10° s that the Bi I-Il phase transformation onset
pressure significantly deviates from equilibrium (see [13] and references within). These data on the
strain-rate dependence of elastic and phase transformation stresses in Bi, combined with similar

measurements on Fe, suggest that phonon drag mechanisms may be limiting the growth of the new

phase in these materials at i > ~10°-107 s™.

V. CONCLUSIONS

In this paper we present data from three different experimental platforms in which Fe samples were
compressed in the ~10°%-10% s strain-rate range. We show that deformation in Fe is dramatically altered
at high strain-rates due to the onset of strong time-dependence in the a — & structural phase
transformation. Our data, combined with data from other dynamic compression platforms, reveal a
strong correlation between the instantaneous values of the a — € onset stress, g,_, and the transition
strain-rate, fi,_¢. The sudden increase of g, With fiq_¢ fOr fige > 10° st is consistent with the rate of
new phase growth being limited at high strain-rates by energy dissipation of martensitic interfacial
dislocations emitting or scattering off phonon modes within the lattice (phonon drag). We show that
over-pressurization of equilibrium phase boundaries is a common feature exhibited under high strain-

rate compression of many materials encompassing many orders of magnitude of strain-rate.

This work was performed under the auspices of the U.S. Dept. of Energy by Lawrence Livermore
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National Laboratory under Contract DE-AC52-07NA27344. The research was supported by NNSA/DOE
through the National Laser Users Facility Program under contracts DE-NA0000856 and DE-FG52-
09NA29037.
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APPENDIX A

Multiphase EOS Phase transformation kinetics model
The experimental measurements were compared with a multiphase EOS model with explicit phase
transition kinetics. Each phase was described by a thermodynamically-complete, analytic EQS, following
a prescription demonstrated recently for MgO.* The pressure p in each single phase was expressed in a
Griineisen form as a function of mass density p and specific internal energy e,

p(p.e)=p,(p)+ pr(p)le—e,(p)]. (A1)
The reference curve {pyec}(p) was the zero-kelvin isotherm (cold curve), represented here by a

functional form suggested by Heuzé50 51 52 53 which is convenient for algebraic inversion,

Ko (No+1)(A=py /p)
=——0e " otPr—1{, A2
ppr =l ] (A2

where py, Ko, and Ny are parameters defining the zero-pressure values of density, bulk modulus, and its
volume derivative respectively. This function can be integrated analytically to give ex(p); the constant of
integration is a reference energy e,. The Griineisen parameter was represented using Al’tshuler’s
asymptotic power law form,

H(p) =1, +(p,/p)" (T =T, (A3)
which can be integrated analytically to give a volume-dependent Einstein heat capacity. The EOS

parameters were adjusted to reproduce pure-

phase regions of a tabular multiphase E0S.”® The o-Fe e-Fe
3
7.92406 8.30802

o. phase was fitted over the range 7.5-8.3 g/cm® Ez 2?5/::)1 ) 170.283 160.857
and 0-800 K, and the € phase over 8.9-12.3 g/cm3 No 4,78932 5.56327
and 0-900 K. The cold curve for each phase was & (MJ/kg) ~4.43345 -3.40349

Mo 1.66832 2.32805
fitted well by Heuzé’s functional form. The | .. 0 0
Griineisen parameter in the o region of the 9 0.870667 — 1.36353 —

cvo (MJ/kg.K) 540.302 x 10 484.810x 10
tabular EOS exhibited some temperature | T, (K) 413.824 322.188

dependence which was not captured by the T1ple A1 — Parameters used for Phase transformation
Kinetics model. Tpg is the Debye temperature at a

Grineisen EOS form; an average value was used. .
reference density.

The volume dependence of the Griineisen
parameter was reproduced well by the Al'tshuler form of I'(p). The Griineisen parameter in the € region
of the tabular EOS was independent of temperature, and its volume dependence was again reproduced

well by the Al'tshuler form, with I'_ = 0. The variation of specific heat capacity with temperature and
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compression in the tabular EOS was reproduced well using the analytic EQS, except at temperatures
approaching absolute zero, where the Einstein heat capacity differs significantly from the more physical
Debye behavior used to construct the tabular EOS. The parameters used in the phase transformation
model are listed in Table Al.

For use in studies of the time- and space-dependent response of Fe to dynamic loading, i.e.
continuum dynamics simulations, the material was taken to comprise a mixture of phases at each
location in the sample, each phase characterized by a volume fraction f; and a thermodynamic state
{pi,ei}. Stress and temperature equilibration in the mixture was calculated by altering the f; and state
according to a rapid relaxation rate.** Kinetics models were used to describe the rate of conversion of
material between phases. The kinetics of the phase transition was treated locally as a function of the

difference in free energy, g, between the phases:

%

ol :]Ci¢,~j[g,~(l)i,€,~)_gj(Pj,ej)]- (A4)

—J
The contribution of the elastic strain state can be included in this formalism, though strength was
neglected in this initial study. Different forms of the transition rate ¢ were investigated, by comparison
with the phase transition feature in the surface velocity histories. For Fe, where the a-¢€ phase boundary
is close to constant in temperature, it was simpler to determine the rate parameters in terms of over-

pressurization instead of free energy difference. We found that a fixed time constant for the transition,

A
0,89 = "2, (a5)

where T is the time constant of the transition and 0 the Heaviside step function, reproduced the velocity
histories quite poorly. A rate linear in the free energy difference,
¢j(Ag) = alg, (A6)
for some constant of proportionality o, was little better. This form is closely related to the rates
proposed previously for the o-€ transition in Fe® ®. A closer match was obtained using a two-stage rate
¢ij(08) = a(Ag)Ag = Agla,0(Ag) + a,0(Ag-Dg,)], (A7)

suggesting that, at the strain rates considered here, a more explicit representation of the nucleation of
daughter phase within the parent followed by growth from the nuclei may be needed to capture the
response of the material. This observation seems consistent with previous comparisons with velocity
histories from ramp-loading on the Z machine.® Some improvement was obtained by capping the

transition rate to ~1/ns for levels of overpressurization > 5GPa, which suggests the onset of a
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qualitatively different, rate-limiting process such as phonon drag. The final rate used was thus piecewise

linear between a sequence of points in pressure beyond the equilibrium transition (Fig. 10).
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Fig. 1. Target design for (a) Janus laser, (b) Omega laser
and (c) Sandia Z-machine ramp compression
experiments.
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Fig. 2. Free-surface velocity versus time traces from RWL
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(b) the Omega laser (shot no. s58588). The inset of (a) shows
the time-dependent decay of the velocity plateau associated
with the @ — & phase transformation.
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Fig. 3 (a) Lagrangian Sound Speed (C,) as a function of u; and
density for Z shot 21682 (blue curve) and Omega shot s58588 (red
curve) determined from Lagrangian sound speed analysis of the
us(t) profiles shown in Fig. 2. The longitudinal and bulk sound
speeds are labeled as vyellow and green solid circles,
respectively.18 (b) Stress-density is plotted with previous shock®**®
and static compression29 data on Fe. The onset of time-dependent
compression in the Omega data is identified by a curvature
analysis that determines the stress at which the wave velocity
varies in time (see text for details). The estimated stress onset for
the a — € phase transformation is 14.8 GPa for the low strain-rate
Z data and 38.4 GPa for the high strain-rate Omega data (s58588).
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21



Smith et al. - Figure 5
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Fig. 5. Fe/sapphire particle velocity versus time for Janus
laser-driven ramp compression of an Fe foil (spatially
averaged over ~1-mm diagnostic field-of-view). The
VISAR records the emergence of a three wave structure at
the Fe/sapphire interface: an elastic wave, a plastic wave
(P1) with a peak stress associated with the onset of the
a — € phase transformation and a subsequent plastic
wave (P2) within which transformation to the epsilon-
phase occurs. i, __ is the strain-rate associated with the
transformation into the e-phase and is found to be
strongly correlated to the phase transformation onset
velocity, Ug_e- Ugosg, Equil. TEPTEsents the interface velocity
equivalent to the 12.9 GPa equilibrium phase
transformation stress. At these high strain-rates
equilibrium phase boundaries are strongly over-
pressurized.
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Fig. 7. A time-dependent phase-transition model shows the stress
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